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ABSTRACT 

We report the derivation of eight pluripotent cell lines from 
common marmoset (Callithrix jacchus) blastocysts. These cell 
lines are positive for a series of markers (alkaline phosphatase, 
SSEA-3, SSEA-4, TRA-1-60, and TRA-1-S1) that characterize un- 
differentiated human embryonal carcinoma cells and rhesus em- 
bryonic stem cells. All eight cell lines had a modal chromosome 
number of 46; seven cell lines were XX and one was XY. Two 
cell lines (Cj1 1 and Cj62) were cultured continuously for over 
a year and remained undifferentiated and euploid. In the ab- 
sence of fibroblast feeder layers, these cell lines differentiated 
to multiple cell types, even in the presence of leukemia inhib- 
iting factor. Differentiated cells secreted bioactive CG into the 
culture medium and expressed a-CC, P-CG, and a -fetoprotein 
mRNA, indicating trophoblast and endoderm differentiation. 
Bioactive CG secretion in differentiating cells was increased 
substantially in the presence of GnRH agonist o-Trp 6 -Pro 9 -NHEt. 
When grown at high densities, these cells formed embryoid bod- 
ies with a close resemblance to early postimplantation embryos, 
including the formation of a yolk sac, amnion, and an embryonic 
disc with an early primitive streak. These results make these 
pluripotent cells strong candidates for marmoset embryonic 
stem cells. 

INTRODUCTION 

Embryonic stem (ES) cells are pluripotent cell lines ca- 
pable of contributing to derivatives of all three embryonic 
germ layers even after prolonged culture [1-3]. Mouse ES 
cells in chimeras sometimes contribute to germ cells, thus 
providing a vehicle for introducing genetic changes into the 
germ line [4]. Because homologous recombination allows 
the alteration of specific loci of the genome, mouse ES cells 
allow the production of very specific models of human ge- 
netic diseases [5]. However, because of the differences be- 
tween human and mouse development, anatomy, and phys- 
iology, transgenic mice can provide only a limited under- 
standing of some human diseases. In addition, the testing 
of new therapies in transgenic mice is limited by mouse 
size, life span, and physiology. Transgenic primate models 
would increase our understanding of the pathogenesis of 
specific diseases and allow the testing of new therapies. In 
transgenic primates, therapeutic efficacy for treating degen- 
erative neural diseases, such as Alzheimer's disease, could 
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be assessed not only by morphological and biochemical - 
changes in the brain, but by changes in complex behaviors. 

We have recently reported the isolation of ES cells from 
the rhesus monkey that are immortal, have a stable normal 
karyotype, and have the potential to differentiate to deriv- J 
atives of trophectoderm and all three embryonic germ lay* 
ers [6]. Rhesus monkey ES cells provide a powerful new 
in vitro model for understanding the differentiation of hu- 
man tissues, but the reproductive biology of rhesus mon- 
keys makes testing the ability of these cells to contribute 
to the germ line in chimeras impractical. The rhesus mon^T^ 
key, which is an Old World primate species, has single"^^ 
young, reaches sexual maturity at 4-5 yr, and has an ovar-"-^*$T 
ian cycle that cannot be routinely synchronized. The com- 
mon marmoset, a New World primate species, has more 
favorable reproductive characteristics for experimental pri- 
mate embryology, including the natural birth of twins or * ' 
triplets, an early age at sexual maturity (about 18 mo), and ~> 
an ovarian cycle that can be synchronized with prostaglan- 
dins, thus allowing efficient embryo collection and transfer 
[7-9]. i 

Here we report the derivation of eight pluripotent ceU^jjg 
lines from common marmoset blastocysts that closely re-2S 
semble rhesus ES cells and human embryonal carcinomajH 
(EC) cells in morphology, growth characteristics, cell sur-^|jf 
face markers, and in vitro differentiation. Because of the *i 
reproductive characteristics of the common marmoset, it 
will be possible to define the developmental potential of 
these pluripotent cell lines in chimeras with normal embry- 
os in vivo, initiating exciting advances in experimental pri- 
mate embryology. 

MATERIALS AND METHODS 

Embryo Recovery and Cell Line Isolation 

For embryo donors, female marmosets greater than 2 yr 
of age and demonstrating regular ovarian cycles were main- 
tained in groups with a fertile male and up to five progeny. 
Ovarian cycles were controlled by i.m. injection of 0.75 /xg 
of the prostaglandin F 2a analog cloprostenol (Estrumate; 
Mobay Corp., Shawnee, KS) during the middle to late lu- 
teal phase [7]. Blood samples (0.2 ml) were collected in 
heparinized syringes on Day 0 (immediately before clo- 
prostenol injection), and on Days 3, 7, 9, 11, and 13. Plas- 
ma progesterone concentrations were determined by ELISA 
[10]. The day of ovulation was taken as the day preceding 
a plasma progesterone concentration of 10 ng/ml or more 
[8]. Eight days after ovulation, marmosets were lightly 
anesthetized by the i.m. injection of alphaxalone and al- 
phadolone (Saffan; Glaxovet, Ltd., Uxbridge, UK), and 
blastocysts were recovered by a nonsurgical uterine flush 
procedure [9]. 

Blastocysts were incubated in 0.5% pronase-Dulbecco's 
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Days after addition of GnRH agonist to confluent CJ62 cells 

FIG. 4. GnRH agonist D-Trp 6 -Pro 9 -NHEt responsiveness of CG secretion 
in differentiating Cj62 cells. LH/CG bioactivity was measured by Leydig 
cell bioassay in culture medium conditioned by differentiating Cj62 cells. 
GnRH agonist was added to undifferentiated Cj62 cells at confluence 
(Day 0); medium was changed every 2 days and supplemented with fresh 
agonist. Bars represent SEM. 



streak-stage embryo (Fig. 5). The embryonic disc was com- 
posed of a polarized, columnar epithelial epiblast (primitive 
ectoderm) layer separated from a hypoblast (primitive en- 
doderm) layer. Electron microscopy of the epiblast revealed 
apical junctional complexes, apical microvilli, subapical in- 
termediate filaments, and a basement membrane separating 



the epiblast from underlying endoderm — all features of the 
normal embryonic disc. In the caudal third of the embry- 
onic disc, there was a midline groove, disruption of the 
basement membrane, and mixing of epiblast cells with un- 
derlying endoderm cells (early primitive streak; Fig. 5). An 
amnion was composed of an inner squamous (ectoderm) 
layer continuous with the epiblast, and an outer mesoderm 
layer. 

DISCUSSION 

Our criteria for ES cells are as follows: derivation from 
the preimplantation embryo, immortality, a normal karyo- 
type, and the maintained ability to differentiate to deriva- 
tives of all three embryonic germ layers. Contribution to 
the germ line in chimeras is also a property of some mouse 
ES cell lines, but originally the term was introduced to 
distinguish the origin of pluripotent mouse cell lines de- 
rived from preimplantation embryos (ES cells) from those 
derived from teratocarcinomas (EC cells) [3]. Although 
mouse ES and EC cells are very similar, ES cells generally 
have a greater developmental potential, a difference thought 
to be related to the selective pressures of the teratocarci- 
noma environment that are avoided by the in vitro deriva- 
tion of ES cells [3]. 

Several characteristics of the pluripotent marmoset cell 
lines we have isolated make them strong candidates for ES 
cells. First, the pluripotent marmoset cells continue to pro- 
liferate rapidly for at least 18 mo in continuous culture, and 
at least some maintain a normal karyotype. Although spon- 
taneously immortal cell lines have been derived from pri- 
mary cultures of mouse cells, this occurs rarely, if ever, 



am. 




FIG. 5. Embryoid body formed from cell line 
Cj62 after 6 mo of undifferentiated culture. 
Cj62 cells were grown to confluence and 
then were allowed to spontaneously differen- 
tiate for 4 wk. A) Structures with morpholog- 
ical characteristic of yolk sac (y), amnion 
(am), and bi layered embryonic disc (E). The 
yolk sac was spherical, but collapsed during 
embedding, and the portion of the yolk sac 
to the right of the photograph was trimmed 
so the block would fit the diamond knife for 
sectioning. The embryonic disc was pyri- 
form-shaped with a central groove in its cau- 
dal (narrow) aspect, and was connected to 
the tissue culture plate at its caudal pole by 
a stalk of mesenchymal cells. (Bar = 200 
pJVl, toluidine blue stain). B) Section in cra- 
nial 1/3 of embryonic disc. Note that the 
primitive ectoderm (ec) forms a distinct cell 
layer from the underlying primitive endo- 
derm (en), with no mixing of cell layers. 
Note also that the amnion (am) is composed 
of two distinct layers; the inner layer is con- 
tinuous with the primitive ectoderm at the 
margins. (Bar = 50 p.M, toluidine blue 
stain). C) Electron micrograph of embryonic 
disc. Apical microvilli <m) and apical junc- 
tional complexes (j) are present in the ecto- 
derm layer, and the basement membrane (b) 
separates the ectoderm from the underlying 
endoderm. (Bar = 5 ^M, lead citrate and 
uranyl acetate). D) Section in caudal 1/3 of 
embryonic disc. Note the central groove (ar- 
row) and the mixing of primitive ectoderm 
and endoderm. This is the approximate level 
of early primitive streak formation in the nor- 
mal primate embryo. (Bar = 50 \M, tolui- 
dine blue stain). 
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from primary cultures of somatic cells of primates, which 
consistently undergo crisis after a characteristic number of 
cell divisions [24]. Our success in isolating multiple im- 
mortal cell lines from both rhesus monkey and marmoset 
ICMs suggests that, unlike adult somatic cells, the undif- 
ferentiated, totipotent cells of the early embryo are immor- 
tal; that is, they are capable of unlimited proliferation. A 
second characteristic of the pluripotent marmoset cells is 
the expression of SSEA-3, SSEA-4, TRA-1-60, TRA-1- 
81, and alkaline phosphatase— a combination of cell sur- 
face- markers previously described only for rhesus monkey 
ES cells and human EC cells [6, 14-16, 18]. The differ- 
entiation of human EC ceils results in the loss of SSEA-3, 
SSEA-4, TRA-1-60, and TRA-1-81 expression, and the 
earliest lineages to differentiate from the [CM in the human 
embryo, extra-embryonic endoderm and trophoblast, lack 
this combination of markers [18]. A third important char- 
acteristic of the pluripotent marmoset cells is the potential 
to differentiate to both endoderm and trophoblast, as the 
last cells in the mammalian embryo capable of contributing 
progeny to both these lineages are the totipotent early ICM 
cells [25]. And finally, the pluripotent marmoset cells dif- 
ferentiate to embryoid bodies with a remarkable resem- 
blance to postimplantation early primitive streak-stage em- 
bryos [26]. 

Pluripotent marmoset cells offer an important new in 
vitro model for studying the differentiation and function of 
tissues that differ significantly between mice and primates. 
For example, the structure and the function of the tropho- 
blast, which forms the outer layer of the placenta, differs 
dramatically between primates and rodents. Trophoblast se- 
cretion of CG in primates, including humans, is central to 
the maternal recognition of pregnancy. The mouse placenta 
does not express a CG, and mouse ES cells fail to differ- 
entiate to trophoblast or do so infrequently [27]. If the pri- 
mate corpus iuteum is exposed to CG, progesterone secre- 
tion is continued and pregnancy is maintained; in the ab- 
sence of CG, the corpus luteum regresses, progesterone se- 
cretion declines, and a new ovarian cycle is initiated. GnRH 
is expressed in the placenta and has been proposed to have 
a local regulatory role in CG secretion [28]. The increase 
in CG secretion we observed in differentiating pluripotent 
marmoset cells in the presence of GnRH agonist supports 
a role in CG expression. Further, the dramatic effects ob- 
served suggest that GnRH may not only act on differenti- 
ated trophoblasts but might also be directly involved in the 
differentiation of trophoblasts. GnRH has been shown to be 
expressed and have biological effects in extrapituitary tis- 
sues other than the placenta [29-31], and this may point to 
a wider role for this regulatory peptide in differentiation 
and development. Because these pluripotent marmoset cells 
can be grown indefinitely, prior to differentiation it will be 
possible to use homologous recombination to modify tro- 
phoblast-specific genes, such as CG, GnRH, or their recep- 
tors, to help elucidate their function and regulation during 
and after differentiation. 

The pluripotent marmoset cells initiate the formation of 
all three germ layers in embryoid bodies. If culture con- 
ditions can be established that allow efficient, synchronous 
development of organized embryoid bodies, then it will be 
possible to use these pluripotent marmoset cells to geneti- 
cally dissect in vitro the mechanisms controlling early 
primitive streak formation in primates. We are not aware 
of primitive streak formation occurring in mouse embryoid 
bodies, which exhibit a more disorganized development 
[32]. With our present culture conditions, however, em- 



bryoid body formation is asynchronous, and many em- 
bryoid bodies develop into simple multilayered vesicular 
structures without the well-organized structure represented 
in Figure 5. To date, we have not observed development of 
embryoid bodies beyond the initiation of primitive streak 
formation, which is also the approximate stage where intact 
marmoset embryos degenerate in our culture conditions. To 
rigorously test the developmental potential of these pluri- 
potent marmoset cells, it will be necessary to provide them 
with a normal embryonic environment, in chimeras with 
intact embryos.. 
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